Intermediate filaments (IFs) constitute a sophisticated filament system in the cytoplasm of eukaryotes. They form bundles and networks with adapted viscoelastic properties and are strongly interconnected with the other filament types, microfilaments and microtubules. IFs are cell type specific and apart from biochemical functions, they act as mechanical entities to provide stability and resilience to cells and tissues. We review the physical properties of these abundant structural proteins including both in vitro studies and cell experiments. IFs are hierarchical structures and their physical properties seem to a large part be encoded in the very specific architecture of the biopolymers. Thus, we begin our review by presenting the assembly mechanism, followed by the mechanical properties of individual filaments, network and structure formation due to electrostatic interactions, and eventually the mechanics of in vitro and cellular networks. This article is part of a Special Issue entitled: Mechanobiology.
Introduction
Eukaryotic cells need mechanical properties, which are adapted to their specific function, in order to perform in the context of tissues and organisms. It has been recognized for some time that the cytoskeleton, a composite network of filamentous proteins, along with corresponding linker proteins and molecular motors is a highly mobile, viscoelastic and flexible entity, which determines cell mechanics to a great extent [1] . Actin-based microfilaments (MFs) and tubulin-based microtubules (MTs) are polar filaments and both interact directly with the molecular motors myosin or kinesin and dynein, respectively. Furthermore, numerous MF or MT binding proteins with varying length, stiffness and binding sites are known. By contrast, intermediate filaments (IFs) are non-polar objects, which implies that they do not act as tracks for translational molecular motors. However, IFs do interact with molecular motors as cargo [2, 3] and could even serve as a means to "store" molecular motors in cells.
Each type of cytoskeletal filament has a specific role in the cell. To name a few examples, as an exhaustive list would go beyond the scope of this article, MFs form stress fibers for cell contraction, the cortex underneath the cell membrane and protrusions like lamellipodia, filopodia and pseudopodia; MTs enable transport of cargo through the cell and act as compression-bearing mechanical elements; the role of IFs is less well studied from a biophysical point of view but it is widely accepted that these structural proteins contribute considerably to cell mechanics. An interesting aspect that has been stressed recently is the contribution of different IF proteins to the varying and adapted mechanical properties of different cell types. IFs are the only cellular protein fibers that are, besides the cytoskeleton, also found in the nuclear lamina. Contrary to cytoskeletal IFs, nuclear lamins are universal in metazoans. In this review we will, however, focus on cytoskeletal IFs.
IFs are linked to each other, to the other cytoskeletal components and to other cellular structures, such as desmosomes and hemidesmosomes or intercalated disks by intermediate filament associated proteins (IFAPs). Thus, IFAPs are an important ingredient of IF mechanics in cells. A comprehensive overview of these building blocks can be found in Ref. [4] . Probably the most well-known IFAP is plectin, a member of the plakin family, which binds all types of IFs, MFs and MTs, as well as a number of other cellular structures [1, 5] .
Due to a number of recent evidences that IFs specifically play an important role in cell mechanics and that this role is closely linked to disease, it is very timely to summarize the physical properties of IFs, their networks, bundles and structures in living cells. In order to maintain a consistent terminology, we will refer to the development of extended filaments from subunits (e.g., tetramers) as filament assembly and to the development of entangled or cross-linked networks from these extended filaments as network formation.
We have structured our review in a bottom-up approach and begin by explaining the standard assembly mechanism as well as alternative pathways specific to IFs in Section 2. Thereby we lay a basis for the understanding of the mechanical properties of IFs, many of which are encoded in their particular architecture. Another specialty of IFs with respect to MTs and MFs is the cell type and organism specificity of the exact amino acid sequence and we continue in Section 3 by shedding light on the role of this specificity in health and disease. Sections 4 and 5 are concerned with the mechanical and polyelectrolytic properties, respectively, of readily assembled, individual filaments. These filaments are the building blocks of intricate networks found in the cell or formed in vitro and thus a thorough understanding of their physical properties is instrumental for understanding the emerging properties of higherorder structures like bundles and networks. Section 6 is dedicated to the mechanical properties of in vitro assembled entangled or crosslinked networks of IFs and Section 7 presents the few existing studies on IF mechanics in cellular systems. Section 8, finally, summarizes the review and aims to anticipate future research directions.
Intermediate filament architecture

Assembly mechanisms
All IF proteins share a secondary structure consisting of an α-helical 'rod' domain that is flanked by unstructured 'head'-and 'tail'-domains at the N-and C-terminus, respectively. The central rod domain contains three coil domains which are separated by linker domains. In contrast to MTs and MFs, IFs assemble in a hierarchical manner. Two elongated protein subunits form a parallel coiled-coil homo-or heterodimer, depending on the particular protein, and assemble further to an antiparallel so-called A11-tetramer. Because of this anti-parallel symmetry of the tetramer, the assembled tetramers are not polar. Tetramers then associate laterally to form unit-length filaments (ULFs) of about 65 nm length [6] . Elongated, μm-long filaments emerge by longitudinal annealing of ULFs [7] (Fig. 1A) , consequently the mature filaments are also non-polar. For some IF proteins, the fully assembled filaments show a lateral compaction step after the filament formation (see Table 1 ) [8] .
The hierarchical assembly mechanism differs significantly from the one exhibited by the other types of cytoskeletal filaments, MFs and MTs, where globular proteins polymerize in a polar way and the assembly mechanism involves nucleoside triphosphates. Interestingly, the assembly pathway of IFs, and in particular the fact that several subunits per cross-section are involved, encodes many of the physical properties of these filaments, as described below.
In vitro, IF proteins can be solubilized by chaotropic agents like 8 M urea. The assembly of intermediate filaments is then initiated by adding salt at physiological concentrations (e.g., in the case of vimentin) or decreasing the pH from 9 to about 7 (e.g., in the case of keratin). The principle assembly mechanisms for several IF proteins were elucidated mainly by employing electron microscopy (EM) [6, 8] and atomic force microscopy (AFM) [7, 10] . More recently, small-angle X-ray scattering (SAXS) has been used as well to obtain structural data of the assembly steps [11, 12] . In combination with microfluidic methods, SAXS has been adapted to study the different assembly states for vimentin up to the ULF level in situ thus determining that the ULF formation takes place on a time scale of a second [13] .
For several IFs, including keratins, vimentin, desmin, and neurofilaments, it has been shown that their cross-sectional diameter is not uniform along their length [6, 8, 14, 15] . Instead, filaments typically have a varying number of tetramers per cross-section, which corresponds to a varying mass-per-length (MPL) [14, 15] . For vimentin, this polymorphism is larger when the assembly in vitro is initiated in a "kick-start" mode, by fast addition of the salt-containing assembly buffer -as compared to slower methods, such as dialysis into the assembly buffer [6, 8] . This polymorphism ranges from 4 to 13 tetramers under physiological conditions, while the standard configuration contains eight tetramers [6, 8] .
Assembly speeds differ considerably between IF proteins, e.g., keratins assemble into extended filaments within seconds, whereas vimentin, desmin and neurofilaments at this time point only form ULFs [8] . For vimentin, it was found that the time to reach a certain mean filament length is inversely proportional to the concentration and the filaments assemble at a speed of 0.2 nm/(μM·s) [10] . For keratin such a systematic concentration dependence was not investigated so far, but individual values hint at a speed of about 23 nm/(μM·s) [9] . For comparison, MFs and MTs assemble at speeds of few nm/(μM·s) [16, 17] . Furthermore, the assembly depends on the temperature [8] and on the ions present. This latter aspect is discussed in detail below.
Alternative assembly mechanisms
In contrast to MFs and MTs, the specific architecture of IFs and in particular the high number of subunits per cross section and the fact that nucleoside triphosphates are not involved in the assembly, give rise to alternative principle assembly pathways. The most straight forward one of such mechanisms is end-to-end annealing of filaments, where two assembled filaments attach and form a longer filament (Fig. 1B) . This phenomenon was observed in cell experiments for vimentin and neurofilaments [18, 19] as well as in vitro for purified vimentin [20, 21] . For the cell experiments, two cell types with differently labeled vimentin filaments were fused. After incubation, filaments with contiguous segments of alternating colors were observed, which indicates end-to-end annealing [18] . For the in vitro experiment, the authors mixed differently labeled, assembled vimentin populations to directly observe the end-to-end annealing of filaments by total internal reflection microscopy (TIRFM) [20] and confocal microscopy [21] . Additionally, exchange of individual subunits along the assembled filament (Fig. 1C) was observed, again in cells [18, [22] [23] [24] and in vitro [21] . In living cells, soluble vimentin subunits [25] were incorporated into existing filaments [22] [23] [24] . This was first observed for chicken vimentin expressed in mouse fibroblasts, using immunofluorescence and immunoelectron microscopy [23, 24] . Here, newly expressed vimentin was detected to be incorporated into the existing filament network at various sites. Furthermore, fluorescence recovery after photo bleaching (FRAP) was used to investigate the exchange of microinjected labeled vimentin complexes with full filaments in fibroblasts [26] . It could be shown that bleached vimentin fibers recover their fluorescence without any distinctive polarity. Photobleaching and photoactivation methods as well as cell fusion were employed to show 'intercalary subunit exchange' for vimentin and neurofilaments [18] . This process occurs evenly along filaments, without a preference for the filament ends.
In vitro, the incorporation and release of labeled vimentin subunits was quantitatively measured. It could be shown that the exchange of subunits depends on the cross-sectional polymorphism of the filaments. Filaments with a heterogeneous mass-per-length show a faster exchange of subunits than more uniform filaments. It is hypothesized that "looser" binding of subunits in highly polymorphic filaments causes this more pronounced exchange. Also, polymorphic filaments might have more binding sites, "loose ends", to incorporate subunits from solution. Subunit exchange occurs on slower time scales than the hierarchical assembly described above. While ULFs are formed from tetrameric vimentin within seconds [13] and filaments assemble from ULFs within minutes [7] , less than 1% of the subunits in a filament are exchanged per hour [21] . Polymorphism and subunit exchange might play a role in the stability of IF networks in cells. Since the polymorphism might lead to differing mechanical properties of the filaments, local gradients of the soluble subunit concentration could enable cells to alter the filament network. The fact that the results from in vivo and in vitro experiments are comparable, suggests that subunit exchange is an intrinsic property of IFs and does not require cellular factors.
Another aspect governing the state of intermediate filaments is the phosphorylation of the head domain, which leads to disassembly of filaments and networks [27, 28] . This mechanism allows cells to maintain the equilibrium between filaments and a soluble pool of tetrameric IF protein.
Types of intermediate filaments
Apart from their architecture, probably the most striking difference between IFs on the one hand and MFs and MTs on the other hand, is the organism-and tissue-specificity of IFs (see Fig. 2 ). The term "intermediate filament proteins" is used to describe a large class of proteins encoded in around 70 genes in human [29] . IFs are classified into five types (see also Tables 1 and 2 ; type V IF, lamins, are not listed as this is beyond the scope of this review) according to domain and sequence homology [30] . Whereas the proteins all share a common secondary structure, differences in the amino acid sequence lead to striking differences in assembly pathway, dynamics and speed, persistence length, charge-and hydrophobicity patterns, aggregation behavior and structure formation in vitro and in the cell. Some of these aspects are discussed in the present review. Thus, by the "choice" of IF type (or combination of different types), cells have a handle to tune their physical appearance including the mechanical properties. The reversible epithelialmesenchymal-transition (EMT) is a famous example where such adaption takes place even temporarily and keratin-rich epithelial cells are transformed into vimentin-rich mesenchymal cells. From a functional perspective, epithelial cells form cell-cell contacts while mesenchymal cells lose these contacts and gain migratory properties. Due to the varying mechanical properties of IFs on the single filament level as well as for networks thereof in vitro and in the cell, it has been suggested by the community that IFs are a "mechanical footprint" of a specific cell type.
Evolutionary, all IFs stem from an ur-lamin, which was found even in primordial organisms such as Hydra attenuata. In general, higher animals accommodate a larger variety of different IFs; e.g., Drosophila melanogaster expresses lamins A and B, but no cytoskeletal IFs and Caenorhabditis elegans expresses the lamins and eleven cytoplasmic IFs [32] . Even though most work on IFs has been performed on mammalian cells, IF or IF-like cytoplasmic proteins are also found in insects [32] .
As diverse as the IFs themselves are the associated diseases. In Ref. [31] , the authors state that more than 80 diseases are caused by mutations in IFs. Examples are skin disorders, amyotrophic lateral sclerosis (ALS), Alexander disease and progeria (premature aging).
Mechanical properties of single IFs
As described in Section 2, IF proteins form extended filaments that can reach lengths of several micrometers. The mechanical stiffness of such biopolymers or -filaments can well be quantified and characterized by the so-called persistence length L P , which describes the distance along which the filament direction does not considerably change and can be written as the bending rigidity κ in units of k B T:
The biopolymer network properties depend on the characteristics of the individual filaments and, thus, much effort has been devoted to the determination of the persistence length of individual IFs of different types.
The persistence length L P of IFs
When compared to MFs and MTs, the persistence length of IFs is rather short, meaning that IFs are more flexible: Whereas the persistence length of MFs lies in the range of 7 to 22 μm and MTs even reach several mm (see, e.g., Ref. [33] ), the persistence lengths of IFs were consistently determined to lie in the range of a few hundred nm and a few μm. Thus, from a physical point of view, IFs are classified as semi-flexible biopolymers and are about one order of magnitude more flexible than MFs [34, 35] .
However, the numeric values for different types of IFs vary considerably. In particular, neurofilaments are much softer than the other studied cytoskeletal IFs keratin, vimentin and desmin. Additionally, the results from different experimental protocols and techniques for measurements on the same type of IFs deviate to a certain degree, as can be seen in Table 2 where we summarize the existing measurements of the persistence length of IFs. As it is very difficult to infer persistence lengths of polymers larger than L P~1 00 nm, the deviation can most likely be attributed to different techniques used.
The earliest determination of the persistence length of an IF was performed on desmin [38] by quasi-elastic light scattering. From measurements on desmin networks and modeling semi-flexible polymers, the authors derived a lower and an upper limit of 0.1 μm and 1 μm, respectively. The dynamic shear modulus of filament networks at high frequencies is dominated by the relaxation of single filament segments [44] . This correlation has been used to deduce the persistence length from corresponding rheological data and for desmin a value of L P = 0.9 μm was found [39] .
For vimentin, rheology measurements yield a value of merely 0.4 μm [39] . However, when adsorbed on various solid supports and analyzed by AFM or EM, a numerical value of 1 μm was found [40] . Under vitrified conditions and without any chemical fixation, using cryo-electron microscopy, vimentin IFs were found to contain compact elements with a persistence length of several μm, interrupted by flexible regions, where the filaments are unraveled and softer [45] . Thus, for most studies of the persistence length of IFs the filaments were either incorporated in a network and probed by rheological methods (see also Section 6) or adsorbed on a substrate and imaged with high resolution EM or AFM. To avoid this influence of either other filaments or a substrate, we measured the persistence length of freely fluctuating vimentin IFs confined in a narrow channel and of freely fluctuating vimentin IFs restricted to the focal plane by glass plates. The resulting values are L P = 2.1 ± 0.1 μm and L P = 2.0 ± 0.5 μm, respectively [34] .
Keratin, as well, has been studied by rheology (L P = 0.65 μm) [37] and EM (L P = 0.3-0.48 μm) [9] . Additionally, results from stiffness measurements by direct mechanical stretching of a keratin-like protein from hagfish slime threads provide a persistence length of 0.85 μm, which is very consistent with these findings [36] . As this protein has a lot in common with IFs such as similar sequence and assembly pathway and is secreted as a mostly pure, near-perfectly aligned bundle, it was used as a model system for hydrated IFs in these studies. This method involves the measurement of the Young's modulus E and calculation of the persistence length from the second moment of inertia I via κ = EI. Thus, the radius of the filament enters as a power of 4 and given the heterogeneity in diameter, the approach might not be straightforward for IFs.
Furthermore, neurofilaments have been characterized regarding their persistence length. Here, L P depends on the subunit protein ratio of NF-L, NF-M and NF-H and the monovalent salt concentration, which influences the effect of entropic repulsion versus electrostatic ionic bridging of the (long) side arms in neurofilaments. Values between 0.05 and 0.2 μm were found [42] .
An effect of buffer ion concentration on the persistence length was investigated by Lichtenstern et al. They found by EM that when assembled in the absence or presence of 1 mM MgCl 2 , keratin K8/K18 has a persistence length of 0.3 or 0.48 μm, respectively [9] . The influence of ions on assembly and bundle or network formation is described in more detail in Section 5. The measured persistence length of freely fluctuating vimentin filaments [21] and the one of filaments that are adsorbed to a surface [40] is different suggesting an influence of the underlying substrate. One possible explanation is that the filaments bend more strongly during the adsorption process. Neurofilaments are a lot softer than the other studied intermediate filaments. This finding fits to the properties of the cell types where the filaments are mainly expressed in, as neurons are also much softer than muscle cells, connective tissue or epithelial cells. IFs in the cellular context are discussed in Section 7.
Single molecule mechanics of IFs
Apart from the bending rigidity or persistence length, a polymer is mechanically characterized by its stretchability. To date, there are only few direct measurements on individual filaments available, probably at least partly due to the experimental challenges involved. In most of the publications on this topic that are reviewed here, the lateral displacement of IFs adsorbed to solid supports was analyzed by AFM [46, 47] . As a further development, Guzman et al. used a nanostructured substrate with 250 nm diameter holes to reduce the influence of the underlying substrate on the IFs during their AFM experiments. They measured individual vimentin IFs that were spanned over such a hole [48] . Furthermore, Ramm et al. made use of an optical tweezers setup combined with Brownian dynamics simulations to gain insights into the folding and stability of the coil 2B of vimentin IFs [49] . To the best of our knowledge there are no other single molecule experiments for intermediate filaments so far.
From network measurements there is evidence for an enormous elongation potential in IFs (reviewed in detail in Section 6). Lateral bending measurements performed by Kreplak et al. for individual recombinant murine desmin IFs, recombinant human keratin K5/K14 IFs and neurofilaments from rat brain directly confirmed this hypothesis. The average extensibility of these three IFs on a mica surface is 2.8-fold, 2.3-fold and 2.6-fold, respectively [46] . Moreover, for desmin IFs they found a maximum stretch of 3.6-fold the initial length of a filament, which was accompanied by a significant reduction in the filament diameter [46] . This result was confirmed three years later by the same group, where they stretched recombinant human and murine desmin IFs up to 3.4-fold the initial length with a maximum force of about 3.5 nN [47] .
Such extreme extensions most probably originate from the specific architecture of IFs and are consequently not found in MFs or MTs, which are build up from globular monomers and contain only one or very few monomers per cross-section. During elongation of the filaments, molecular adaptions are necessary. One possibility is the α-helix-to-β-sheet transition (α ↔ β transition) of the coiled-coil domain of each dimer [36, 46] . This transition was first described for wool using X-ray diffraction to distinguish the two states [50] . The observation is consistent with a decreased filament width [51] but accounts only for about a factor of two in length [46, 52] . Therefore, further alterations in the molecular structure of the filaments are necessary to explain the observed extension. One explanation could be a stretching/unfolding of the flexible N-and C-terminal domains of the monomers [36, 46] . Additionally, there is evidence for axial sliding of the subunits of the filament relative to one another [40, 48] . The idea is that sections of individual tetramers or protofibrils detach and "lock in" a few units further down. This mechanism would also lead to a thinning of the filaments as seen, e.g., in Fig. 7 of Ref. [47] .
Another interesting finding in this context is the force-or extensiondependent reaction of IFs. For small extension (less than 10 to 100% [47, 48] ) or at low forces (60 to 130 pN [47] ), the filaments seem to act fully elastic. At higher forces and further extension a plastic behavior/ deformation accompanied by strain hardening and a decrease in diameter is observed [46] [47] [48] . As a tensile strength for desmin a value of 240 MPa was found [47] . For vimentin, a bending modulus in the range of 300 to 900 MPa was found, where the value is at the higher end for glutaraldehyde fixed filaments [48] . All these experiments provide important insights into the mechanical properties of IFs. What is still largely missing, however, are measurements of non-adsorbed individual IFs, freely fluctuating in physiological buffer and therefore without any interactions with a substrate.
As mentioned above, Ramm et al. did not analyze whole filaments but the coil 2B part of vimentin dimers. In their study, two modified coil 2B molecules were used -one was cross-linked at the N-terminus and equipped with a DNA-ubiquitin handle for optical trapping at the C-terminus, while the other one was modified the other way around. From these experiments they found that unzipping the coiled coil requires different forces depending on the respective starting point. The molecule was highly resistant against pulling/unzipping from the C-terminus compared to pulling/unzipping from the Nterminus. Analyzing energy profiles they defined three regions of stability in coil 2B, a labile N-terminal end, a medium stable middle section and a highly stable C-terminus. According to the authors the stability of the C-terminal end of coil 2B could be important for assembly, ensuring that the coiled coil stays zipped and stabilizes the IFs on the dimer level [49] .
Simulations of IF mechanics
In addition to experiments as reviewed above, simulations provide an alternative and complementary way to understand biopolymer mechanics. To date, only few simulations of the mechanical behavior of parts of IFs exist and the field is only recently evolving. With different levels of accuracy, ranging from atomistic to coarse-grained representations, Qin et al. simulated dimers and tetramers of vimentin aiming a better knowledge of the great extensibility, stiffness and mechanical resistance of IFs [52] [53] [54] , as shown in Fig. 3 . Comparing their results from in silico studies with results from in vitro experiments [47, 48] they demonstrate a good agreement for their structural estimates as well as for the mechanical properties of the IFs [52] . Ramm et al. performed simulations to further validate their experimental results and verify the deconvolution performance. By mimicking their experiment they obtain good agreement of results received from experiment and simulation [49] .
Polyelectrolyte properties of IFs
Depending on the amino acid sequence and the pH of the solution, the charge of IF proteins can be estimated (for a representation of such charge patterns on IFs compared to other biological filaments, see Fig. 4A ). At pH 7.5, vimentin monomers carry a charge of − 19 e leading to a line charge of − 14 e/nm or a surface charge of − 0.07 C/m 2 for a 10-nm-diameter filament with 32 monomers per cross-section [55] . By contrast, keratin K8 and K18 carry − 6 e and − 11 e per monomer, respectively, leading to a line charge of − 3 e/nm or a surface charge of − 0.02 C/m 2 for a 10-nm-diameter filament with 16 monomers per cross-section. The line charge of desmin lies in-between, at − 6 e/nm. These estimates show already very clearly, that despite the structural similarities between IF proteins, the differences in the amino acid sequence lead to varying charge and hydrophobicity patterns. Thus, to fully describe IFs not only their polymeric nature, but also their polyelectrolytic properties have to be taken into account.
The examples above show that IFs, like many other intracellular biological filaments, are negatively charged and therefore interact strongly with cations (see Fig. 4B ). Interestingly, extracellular filaments are usually less highly negatively charged [56] . When discussing the interaction of IFs with ions, we have to distinguish two cases. When unsassembled tetramers are mixed with ion-containing buffers, the ions influence the assembly process. By contrast, if the filaments are first fully assembled (e.g., by addition of at least 50 mM monovalent ions like K + or Na + to vimentin) and then exposed to other ion species, the interactions are mostly between the filaments and the counterions.
Influence of ions on assembly
Whereas the influence of monovalent ions on IFs assembly has been extensively studied and the sub-steps involved in the assembly are well characterized (see Section 2) [6, 59] , the effect of the addition of dior multivalent ions is less well understood. Early on, it was found for desmin filaments that they grow thicker in the presence of Ca 2+ than in the presence of Na + . The differences cannot merely be explained form differences in ionic strength I ¼ 1 2 ∑ i c i z 2 i , which takes into account the concentration c i and valence z i of the different ion species i. Further principle differences in valences must also play role [60] . In addition to valence, other ion-specific properties like size play role as could be observed in the difference of vimentin assembled in the presence of Mg 2+ or with Ca 2+ [61] . Interestingly, the differences are found mostly in the diameter of the filaments rather than in the build-up along the filament (axial repeat). Clearly, concentration also plays a role and higher concentrations of Mg 2+ lead to thicker vimentin filaments which also appear as less well organized [8, 12, 62, 63] . Thus, the influence of different ion species, valences and concentration is complex and open questions remain. When adding several different ion species simultaneously during assembly, competitive effects can be observed. Thus, there are strong indications that Mg 2+ hinders and thereby slows down vimentin assembly.
Excess monovalent ions outperform this effect and in that case Mg 2+ affects rather the filament surface or substructure in a coordinated way [12] . This is in agreement with the observation that in the presence of monovalent ions, both Mg 2+ and Ca 2+ ions induce identical crosslinking of the networks as indicated by rheology studies [64, 41, 65] . Keratin assembly can in vitro be initiated by decreasing the pH of the solution from 9 to 7 or 7.5 and additional ions in the assembly buffer lead to interesting structure formation. Thus, keratin K8/K18 IFs form networks of bundles in buffers containing 100 mM KCl and 1 mM MgCl 2 , which are added simultaneously [57, 66] , as well as in the presence of merely MgCl 2 above a concentration of 1 mM [67] . Consequences on rheology measurements [68] are discussed in further detail below. Fig. 4C shows how sensitive the kinetics of keratin assembly and bundle formation depend on protein concentration c k , temperature and addition of salt.
Neurofilaments are particularly interesting when it comes to charge interactions due to their particular architecture with extended side arms whose polyampholytic nature allows for matching of positive and negative charges, called "hand shake" by the authors of Ref. [42] .
Influence of ions on aggregation and network formation
In the previous paragraph we have reviewed studies, where one or several species of ions are added simultaneously during assembly. In bulk experiments this is usually the only experimental possibility since it is not easily possible to mix ions into a fully assembled, entangled network. Novel microfluidic approaches, however, rely on small sample volumes and thus diffusive mixing times are small due to the relation between time and length scales t ¼ x 2 2D , with the diffusion coefficient D. Thus, in continuous flow microfluidics [13] or droplet microfluidics [58, 69] multivalent ions have been added to already partially or fully assembled filaments. These methods furthermore offer the possibility to adjust the experimental time scales exactly to the studied systems and processes.
In general, when bringing a charged filament into a buffer containing mono-, di-and/or multivalent ions screening effects lead to a decay of the potential at the charged filament surface in the electrolyte solution, which can be understood from the competition between electrostatic energy gain by condensation of counterions to the charged interfaces and entropy gain by Brownian motion of the ions.
"Titration" of vimentin filaments with different concentrations of Mg 2+ shows that above a threshold concentration of 10 mM the filaments strongly aggregate on a minute time scale as shown in Fig. 4D [ 58, 69] . On a filament level, the aggregation process manifests itself in a "zipping together" of the IFs (see Fig. 4E for an example). For trivalent Co(NH 3 ) 6 3 + ions the threshold is about one order of magnitude lower at~1 mM [55, 69] . This threshold can be explained by considering competitive binding of the mono-and the multivalent ions on the surface of the filaments. In the case of vimentin, about 50% of the ions on the surface have to be multivalent in order to mediate aggregation [55] . In addition to the IF protein specific charge pattern, the differing amino acid sequences also lead to specific hydrophobicity patterns which contribute to the degree and nature of inter-filament interactions. Thus, e.g., in keratin, hydrophobic amino acid clusters located in the central rod domain lead to string attraction of the filaments at these contact points [37] .
Mechanical properties of reconstituted IF networks
As reviewed above, IF proteins form semi-flexible, charged polymers and it is certainly important to characterize these individual filaments as a basis for understanding cell mechanics. However, when networks are formed from the filaments, new properties emerge and the study of these properties has constantly attracted researchers over the years. Interestingly, semi-flexible IFs form predominantly elastic networks when a critical concentration is exceeded, which is more than three magnitudes lower than for synthetic polymers [70] . This critical concentration is typically below 0.5 g/l [39, 71, 72] , e.g., K8/K18 forms viscoelastic networks at concentrations as low as 0.1 g/l [68, 73] . Such networks exhibit interesting viscoelastic response when exposed to external stress or strain fields.
The kinetics of the network formation have been characterized by the temporal evolution of the elastic storage modulus G ' and the viscous loss modulus G″ as obtained from oscillatory shear experiments at a constant frequency. Such experiments are performed in the linear viscoelastic regime at deformations low enough that the network properties, such as mesh size or connectivity, are unaffected by the applied shear. Experiments on vimentin, desmin and K8/K18 show that predominantly elastic networks with G′ N G″ are formed within seconds after starting the assembly [39, 68] . The elasticity increases over time and it takes between 30 and 60 min to form mature networks with approximately time independent elastic properties. Typically, G' is a factor of 5 to 10 higher than G″ for IF networks irrespective of the concentration of divalent ions [64, 68] . Both quantities are nearly independent of frequency in the range between 0.01 and 10 rad/s [64, 41, 68, [71] [72] [73] [74] and G' is also termed plateau modulus G 0 . This behavior is typical for gels and Yamada et al. could show for K8/K18 that G 0 does not depend on filament length [73] . The linear viscoelastic properties of wild type proteins, mutations and tailless variants of the proteins at physiological pH are similar [37, [75] [76] [77] .
In general, entangled polymers without cross-links show gel-or rubber-like properties at intermediate frequencies but exhibit a transition to a terminal flow regime with G ″ N G' and characteristic scaling laws
G″~ω and G'~ω frequency decreases with increasing contour length of the polymer. Among the studied IF networks, K5/K14 is the only one for which such a characteristic relaxation time has been found [76] . The fast network formation of IFs, the absence of a finite relaxation time and the length independency of G 0 indicate that even short filaments form cross-linked polymer networks. The plateau regime at intermediate frequencies with G′ N G″ is determined by the filament network. The linear viscoelastic properties in the high frequency regime are dominated by the stress relaxation of individual filaments. Accordingly, the plateau modulus G 0 is related to the crosslink density and the high frequency moduli have been used to determine the persistence length of IFs as described above. The frequency dependency of G' and G″ of a representative IF network is shown in Fig. 5A . The mesh size ξ characterizes the average distance between adjacent cross-links. This important structural feature of IF networks can be directly determined by tracking the thermal motion of non-interacting tracer particles with different sizes [37, 65] . Particles with diameter d b ξ can diffuse freely within the sample but if the filament network confines the particle motion the slope of the mean squared displacement (MSD) approaches zero (Fig. 5B) . Vimentin forms networks consisting of single filaments even in the presence of 160 mM NaCl and 4 mM Mg 2+ [75] . Particle tracking experiments reveal that the mesh size of vimentin networks decreases upon addition of MgCl 2
[65] (see Fig. 5B ). K8/K18 assembles already in 10 mM Tris-HCl (pH 7.4). The contour length of the filament strands between adjacent cross-links l c decreases in the presence of 0.5 mM MgCl 2 [67] , at even higher concentrations of MgCl 2 (N 1 mM) extensive bundling is observed [66] [67] [68] . The mesh size of IF networks can be calculated simply from the protein concentration assuming a cubic network constituted of rigid rods with corresponding mass per length λ [37, 65] . Particle tracking experiments show that this geometric model recovers the mesh size reduction of vimentin networks upon addition of 2 mM MgCl 2 . For K8/K18 without divalent cations the mesh size is also well predicted. At a concentration of 1 g/l vimentin exhibits a mesh size between 1 and 2 μm without divalent ions and between 0.5 μm and 1 μm when 2 mM MgCl 2 is added (Fig. 5B) [65] . For K8/K18 at the same concentration mesh size values between 0.2 and 0.5 μm are reported [37] . The increase in mesh size of K8/K18 at 0.5 g/l expected under bundling conditions is not large enough that 1 μm particles could diffuse through the mesh [67, 68] .
The magnitude and the scaling of the plateau modulus G 0 with protein concentration of mature IF networks is directly related to l c , ξ and the thermal energy of the filaments [79] [80] [81] . The classical theory of rubber elasticity considers only the contribution of cross-links or entanglements to the free energy density and assumes that the polymers are in thermal equilibrium [79] . Each of these constraints reduces the degree of freedom of the system and increases the free energy by k B T. This results in a plateau modulus of G 0 = k B T/ξ 3 because the density of topological constraints v is directly related to the mesh size ξ −3 = ν.
The tube model for entangled solutions of semi-flexible filaments includes the entanglement length l e and describes the elasticity as G 0 k B Tξ −2 l e −1 with l e ξ 4=5 L p 1=5 [82] , which results in scaling of G 0 [78] . The affine model derives the elasticity from the thermal fluctuations of the filaments between cross-links or entanglements [80] . These fluctuations depend on the contour length between cross-links and the persistence length. The corresponding scaling law
. Mesh size and contour length between entanglements or cross-links are similar if ξ ≲ L p . Assuming a cubic grid of filaments results in the following scaling of mesh size with protein concentration: ξ~c − 0.5 [37, 78, 80] . According to classical theory of rubber elasticity the plateau modulus then scales with concentration as G 0~c 1.5 [37] . The tube model for semi-flexible filaments results in a scaling of G 0~c 1.4 [78] . The affine model predicts a scaling of G 0~c 2.25 [80, 83] . Vimentin networks above concentrations of 1.5 g/l as well as neurofilaments without divalent cations exhibit scaling exponents of 1.3 [72, 75] close to what is expected from rubber elasticity theory or the tube model for semi-flexible filaments. The scaling exponents found for vimentin [39, 71, 84] , desmin [39] and keratin [68, 73, 84] networks at concentrations below 1.5 g/l exhibit scaling exponents between 0.3 and 0.7, which are much lower than the theoretical predictions and the mesh sizes calculated from G 0 are much lower than obtained from particle tracking experiments [37] . This deviation is attributed to an entropically unfavorable stretched filament conformation between adjacent cross-links at low concentrations [37] . The attractions between filaments at their contact points needed to maintain such stretched configurations are provided by hydrophobic amino acid clusters located in the central rod domain [37] . Attraction of filaments is reduced and the strands can equilibrate when a non-ionic surfactant is added. In that case, the modulus values obtained from mechanical rheometry and particle tracking experiments agree very well and G 0 scales with concentration as predicted by classical rubber elasticity theory (Fig. 5C, [37] ). The properties of IF networks at higher protein concentrations and in the presence of MgCl 2 follow the predictions by the affine model [41] . Surprisingly, most structural changes of IF networks due to mutations [76] or bundling [67, 68] have no significant influence on their linear viscoelastic properties.
One of the most prominent mechanical features of cross-linked IF networks is their so-called "strain stiffening" behavior [37, 39, 41, 68, [71] [72] [73] [74] [75] [76] [77] 84] , this behavior is not unique to IFs, as other cross-linked biopolymer networks exhibit substantial strain stiffening as well. The apparent modulus of networks consisting of healthy IF proteins increases at large strains or stresses until the network ruptures at a critical deformation. The entropic nature of the elastic response to deformation and the strong attraction between IFs at their contact points give rise to this distinct behavior.
The affine model predicts that the critical strain γ c at which the networks starts to stiffen depends linearly on l c [80] . This approach has been used to determine the scaling of l c with protein concentration c IF and divalent salt (Mg 2+ ) concentration c Mg . For neurofilaments and vimentin l c c IF −0:4 and l c c Mg −0:2 , respectively, have been found [41] . The concentration dependence follows the scaling predicted by the cubic model assuming l c ≈ ξ. The critical strain of K8/K18 is concentration independent, which can be rationalized assuming that the filaments are more stretched at lower concentrations [68] .
Networks can exhibit strain stiffening either if the filaments are permanently cross-linked [83] or if the system is trapped in a glassy state [85] . Within the framework of the so-called glassy wormlike chain model, the strength of reversible cross-links is characterized by the parameter ε and ε → ∞ corresponds to permanent crosslinking. Some studies show that vimentin and neurofilament networks behave like permanently cross-linked gels [41, 75] . Other studies of the nonlinear response [37, 68, 72] including creep experiments [71] suggest that IF networks exhibit reversibly breakable cross-links with a finite bond energy. Divalent cations do not change this characteristic feature but the stress at which the network ruptures increases [68, 75] . The corresponding increase of the maximum elasticity is more pronounced than the increase G 0 due to divalent cations, which can be rationalized by changes of the bond strength or changes of filament compliance in axial direction [86] . The protein sequence motif providing the strong attractions needed for strain stiffening is located in the tail domain. No strain stiffening is observed for proteins without tail domain. This has been verified for desmin [77] , vimentin [75] and K8/K18 filaments [37] . Studies on mutations in the carboxy tail domain of desmin, which are involved in severe skeletal and cardiac myopathies, show that strain stiffening is of high physiological relevance. All these mutations form apparently healthy filaments and networks in cells and in vitro but exhibit a reduced strain stiffening (Fig. 5D, [77] ). EBS (epidermolysis bullosa simplex) causing mutations of K5/K14 reduce the ability to crosslink at pH 7.0 and change the response from stiffening to softening [76] . Table 3 comprises the structural and rheological features and the influence of MgCl 2 on representative networks of vimentin and K8/K18.
IFs and the physical properties of cells
The variability of IF primary structure between organisms and cell types and thus differing mechanical properties and charge interactions, as reviewed above, lead to the hypothesis that they are an important determinant of cell mechanics. Very timely and consistently with this idea, several studies on the influence of IFs on cell mechanics on a whole cell level have been performed. It is a great challenge to design the experiments in a way that an objective comparison to control cells is possible. Recently, with the availability of new cell lines [88] , such experiments became possible and mechanical testing on whole cells has been performed using optical stretching forces [89] and AFM [90] . Consistently, in both works it was found that keratin contributes majorly to the mechanical stiffness in keratinocytes. The noncontact measurements using an optical stretcher reveal an increase in deformability by 60% for the keratin knockout cells compared to wild-type cells, which is much more than can be caused by depolymerizing actin in the cells [89] . AFM allows for direct measurement of the Young's modulus and the authors of Ref. [90] find a decrease from 752 Pa to 412 Pa from wild-type cells to keratin knockout cells for the cell body.
For vimentin IFs in whole cells, active microrheology involving optical tweezers showed, that they contribute little to cortical stiffness, but regulate intracellular mechanics [91] . Additionally, vimentin has been shown not to contribute to the force spectrum of the cellular interior [92] . Mendez et al. found that the microinjection of purified vimentin into MCF-7 cells leads to the formation of vimentin filaments and the Weak concentration dependency at low concentrations [39, 68, 71, 73, 84] due to entropic contributions of stretched filaments [36, 67] Expected elastic properties at higher concentrations [75] or upon addition of surfactants [37, 73] 
Strain stiffening
Strain stiffening due to attractive interactions located in the tail domain [37, 75] Maximum elasticity before rupture increases upon addition of MgCl 2 [68, 75] epithelial cells acquire an elongated cell shape that mimics the one of mesenchymal cells. Most likely due to degradation of the vimentin this process is reversed over time [93] . Thus, cells can be "triggered" to adapt their properties by introducing IF proteins. The importance of the composite nature of the cytoskeletal network [1] has been highlighted by Gregor et al., who suggested that vimentin provides physical constraints to the acto-myosin system tightly connected to focal adhesions [94] . Both in vitro experiments on purified, reconstituted systems and whole cell experiments are important to tackle the role of IFs in cell mechanics from both sides, bottom-up and top-down. Simplified in vitro systems help to pin down principle mechanisms whereas the whole complexity of a living cell is difficult, probably impossible, to grasp from a physics standpoint, but the whole, living cell is ultimately our system of interest. As an example, the ionic strengths used in in vitro experiments (see Sections 3 and 4) are mostly much higher than the average concentrations found in cells. However, locally such high concentrations may well be found in living cells and ions, along with IF associated proteins (IFAPs) may contribute considerably to IF assembly, filament bundling, network formation and mechanical properties such as persistence length. IF networks in cells may even serve as an "ion buffer" due to their polyelectrolytic properties.
Additionally, few experiments investigating the properties of keratin bundle structures in their physiological context inside cells have been performed. Even though there are no known motors which interact directly with IFs, these keratin bundles are highly dynamic in cells. This dynamic nature applies to the formation and maturation of the bundles [95] as well as to the mature network of bundles. This motion can be suppressed by blebbistatin treatment of the cells [96] and thus might be due to acto-myosin activity and interlinking of actin and IF structures in cells. The bundle motion also decreases when the cells are exposed to external stresses, e.g., by microfluidic flow [96] and we interpreted this increase of persistence in the motion to be a consequence of Ca 2+ influx via mechanosensitive ion channels, which in turn amplifies acto-myosin activity, thereby "stretching" the IF network and leading to less pronounced motion. Looking at the individual bundles, which consist of several filaments, "buckling events" [97] are observed and from analyzing these buckling events, it was found that the individual filaments are quite strongly mechanically coupled within the bundle, but less coupled for thicker bundles [98] . This variability in coupling strength between the individual building blocks of the cellular structures may again be a way for cells to locally adapt their mechanical properties to functional requirements.
Apart from visible light microscopy, which offers the possibility to image living cells and fluorescently label molecules specifically, and EM, which reaches high spatial resolution, yet only in static samples, X-ray imaging as a third, complementary, method to image cells has been used to investigate keratin bundles. X-rays have the advantage that they penetrate matter easily and deeply and due to their short wavelengths they offer nm-resolution. Scanning nano-diffraction was used to image individual keratin bundles in cells and thereby combining information from real and from reciprocal space and local orientation and bundle structure could be resolved [99] .
Conclusions
IFs are a prime example of a biological structure, where architecture and mechanical function are intrinsically linked: this aspect becomes most apparent in the enormous extensibility of IFs and their increased network elasticity at large stresses or deformations (strain-stiffening), but also in the weak concentration dependence of the equilibrium modulus. In recent years, applying physical methods to biological systems has led to much advance in the IF field. The impressive amount of biological and biochemical knowledge on that had already been collected for decades before, is now being complemented by studies on specifically the physical properties of these intriguing biological filaments and their higher-order structures. The advent of state of the art experimental methods in the field of high resolution imaging, (automated) data analysis, and sophisticated mechanical testing has enabled these experiments along with simulation and modeling approaches.
It has already become clear that small changes in the amino acid sequence, e.g. between different IF types or between mutants, despite identical secondary structure, lead to large variations in the emerging filaments. The puzzle of similarities and differences between different types of IFs in their mechanical behavior and interaction properties still remains to be fully solved. Currently, researchers are working on bridging the gap between results from experiments on in vitro model systems and cell studies and an extension to the tissue level will be the next logical step. Ideally, biophysical research will thereby help solving biomedical questions.
